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 ABSTRACT 
 The fertility of high-yielding dairy cows has declined 
during the last 3 decades, in association with a more 
profound negative energy balance (NEB) during the 
early weeks postpartum. One feature of this NEB is a 
marked elevation in circulating free fatty acid (FFA) 
concentrations. During the early postpartum period 
(≤d 42), circulatory FFA levels were measured weekly, 
and progesterone concentrations and the diameter of the 
dominant follicles were determined thrice weekly. Ret-
rospectively, cows that ovulated within 35 d postpartum 
were grouped as “normal ovulating” cows (n = 5), and 
the others were grouped as “delayed ovulating” cows (n 
= 5). In both groups, high total FFA levels (>500 μM) 
were evident immediately postpartum. Interestingly, 
cows with delayed ovulation had higher plasma FFA 
concentrations in the first weeks postpartum compared 
with normal ovulating cows. In both cow groups, FFA 
decreased to control levels of non-NEB cows within 3 wk 
postpartum. The FFA compositions and concentrations 
in fluids from the dominant follicles of postpartum cows 
were not different between the normal and delayed ovu-
lating cows when measured at potential insemination 
points: d 55, 80, and 105 postpartum. Interestingly, the 
concentration of monounsaturated oleic acid was higher 
and that of saturated stearic acid lower in follicular 
fluids of both groups compared with that in blood. The 
level of FFA in follicular fluid was correlated with the 
ratio of 17β-estradiol (E2) to progesterone (P4) in fol-
licular fluid, with a relatively high level of unsaturated 
FFA in follicles with a low E2:P4 ratio. Taken together, 
these results indicate that a more severe NEB early 
postpartum is related to a delay in the first postpar-
tum ovulation and does not affect FFA composition 
in follicular fluid at the preferred insemination time. 
The high FFA level in dominant follicles with a low 
E2:P4 ratio may be due to a different FFA metabolism 
in these follicles. The diagnostic value of this observa-
tion for selective screening of dominant follicles needs 
further investigation. 
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 INTRODUCTION 
 The reproductive performance of high-yielding dairy 
cows has declined markedly during the last 4 decades, 
from a calving rate of around 55% per insemination 
in the 1980s to 40% today (Britt, 1992; Sartori et al., 
2002; Walters et al., 2002; Butler, 2003; van Knegsel 
et al., 2005; Diskin et al., 2006). In contrast, the fertil-
ity of nonlactating heifers has remained undiminished 
throughout this period (Sartori et al., 2002). During 
this period of declining fertility, the milk production of 
cows has increased appreciably, with the consequence 
that cows experience a more profound period of nega-
tive energy balance (NEB) in the early postpartum 
period. This NEB is considered to be, at least in part, 
responsible for the decrease in fertility (Britt, 1992; 
Walters et al., 2002; Butler, 2003; van Knegsel et al., 
2005; Kawashima et al., 2012). Cows with a more se-
vere NEB, and consequent more dramatic loss of body 
condition during the peripartal period, show compro-
mised reproductive performance in terms of delayed 
resumption in ovarian activity and reduced ovulation 
rate from the first follicular wave postpartum, com-
pared with cows with less severe body condition loss 
(Butler and Smith, 1989; Beam and Butler, 1998). A 
major metabolic characteristic of NEB is the eleva-
tion in circulating FFA concentrations. The FFA are 
released into the circulation from adipose tissue dur-
ing NEB and periods of glucose deprivation and are 
transported into albumin complexes to enable uptake 
by peripheral tissues, where they can be used as an 
alternative energy source for aerobic functional cells 
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(Contreras and Sordillo, 2011). Beyond their role as an 
alternative energy source, however, elevated levels of 
FFA (especially saturated FFA) may induce lipotoxic 
stress in several somatic cell types (Cnop et al., 2001; 
Listenberger et al., 2001; Maedler et al., 2001; Listen-
berger et al., 2003; Mishra and Simonson, 2005; Coll et 
al., 2008; Henique et al., 2010). Granulosa and theca 
cells may also be adversely affected by elevated FFA 
levels of, in particular, saturated FFA: in vitro expo-
sure results in reduced cell proliferation and increased 
apoptosis in both cell types (Mu et al., 2001; Vanholder 
et al., 2005, 2006). Moreover, exposure of the cumu-
lus–oocyte complex to elevated levels of saturated FFA 
during final maturation can result in an oocyte with 
a diminished mitochondrial membrane potential and 
impaired capacity to develop into a blastocyst (Leroy 
et al., 2005; Aardema et al., 2011; Wu et al., 2012). 
These observations indicate that the increase in FFA 
levels that occurs during NEB may well represent a 
threat for the maturing follicles and internal structures 
such as the oocyte.
The main focus of in vivo research has been on the 
acute effect of elevated FFA levels in blood during NEB 
on the dominant follicle (Leroy et al., 2005; Aardema 
et al., 2013a). Information on potential dominant fol-
licles selected around the preferred insemination period 
is lacking. In general, dairy cows are inseminated from 
around 60 d postpartum onward to achieve a desired 
calving interval of 12 to 13 mo (Stevenson, 2007). The 
sequential growth stages of a presumptive dominant 
follicle, from the primordial stage until the preovula-
tory stage, take around 80 d in the cow (Britt, 1992). 
Initially, during early preantral follicular growth, the 
follicle contains a single layer of granulosa cells sur-
rounding the oocyte but, during subsequent growth 
phases, the follicle develops into a structure with several 
cell layers (Fair et al., 1997). A major function of the 
follicle is to provide a “blood–follicle barrier” to create 
a favorable environment for the growing oocyte, which 
is also demonstrated by the distinct FFA composition 
between blood and follicular fluid (Leroy et al., 2005; 
Aardema et al., 2013a). The length of the period of 
follicular growth and development implies that follicles, 
which gain dominance at 60 to 80 d postpartum, have 
been recruited and have started their development in 
the peripartum period during the NEB. Consequently, 
these follicles have been fully exposed to the NEB-
induced metabolic status and hence elevated FFA levels 
during the early (preantral) follicular growth stages. It 
has been hypothesized that exposure of follicles to the 
unfavorable metabolic conditions of NEB during early 
follicular growth may have a latent effect on the func-
tion of the follicle and hence the quality of its contained 
oocyte (Spicer and Echternkamp, 1986; Britt, 1992). 
The NEB condition may consequently contribute to the 
reduced fertility in high-yielding dairy cows for several 
weeks to months after the period of the NEB.
In this study, we investigated whether NEB affects 
FFA composition in follicular fluid of the dominant fol-
licle near the recommended time of insemination. To 
this end, we determined the concentration and compo-
sition of FFA in blood and follicular fluid collected from 
dominant follicles during the period of postpartum 
insemination; namely, d 55, 80, and 105 postpartum. 
Furthermore, the potential effect of elevated FFA levels 
in the early postpartum period on reproductive activity 
was investigated by monitoring follicular growth and 
development and the timing of the first postpartum 
ovulation. To investigate whether the levels of FFA 
in follicular fluid were associated with follicular func-
tion, we performed a correlation analysis between 
FFA concentrations and the calculated 17β-estradiol 
(E2):progesterone (P4) ratio from E2 (parameter for 
follicular function) and P4 levels in follicular fluid.
MATERIALS AND METHODS
Chemicals
Unless stated otherwise, all chemicals were obtained 
from Sigma Chemical Co. (St. Louis, MO) and were of 
the highest available purity. Solvents (acetone, acetoni-
trile, chloroform, methanol, and hexane) were of HPLC 
grade (Labscan, Dublin, Ireland).
Experimental Procedures on Animals
All animal experiments were approved by Utrecht 
University’s Animal Experimental Procedures Com-
mittee. Clinically healthy, pregnant Holstein-Friesian 
heifers (n = 10) were included in the experiment from 
the time of calving until d 105 postpartum. The heifers 
were fed 10 kg of maize, 0.5 kg of soybean hulls, ad 
libitum grass silage daily, supplemented with 2 kg of 
concentrate feed (Synchro-optimaal, De Heus Voeders 
BV, Ede, the Netherlands) on the day of calving, in-
creasing to 8 kg of concentrate on d 14 postcalving until 
the end of the experiment. The heifers had unlimited 
access to water and, once a week, their BCS (1–5 scale) 
was determined. From d 14 postpartum, per rectum 
ultrasonography was performed 3 times a week using a 
240 Parus scanner (Pie Medical, Maastricht, the Neth-
erlands) equipped with a 7.5-MHz linear array trans-
ducer, and the diameters of ovarian follicles (>5mm) 
were recorded. Cows with a first ovulation before d 35 
postpartum were grouped as “normally ovulating,” and 
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cows without a first ovulation before d 35 postpartum 
were grouped as “delayed ovulating.” The cut-off point 
of d 35 was based on previous studies (Gautam et al., 
2010; Crowe et al., 2014). The first ovulation was con-
sidered to have taken place when 3 successive blood 
progesterone measurements exceeded 2 ng/mL, com-
bined with ultrasonographic evidence of corpus luteum 
formation. The follicular fluid was collected individu-
ally from follicles ≥14 mm in diameter by transvaginal 
ultrasound-guided follicle aspiration (Pieterse et al., 
1991), on discrete days from d 42 to 105 postpartum. 
Follicular fluid from individual follicles was centrifuged 
for 10 min at 3,000 × g at 4°C and the supernatant was 
stored at −80°C. Blood for progesterone analysis was 
collected 3 times a week from the jugular vein using a 
Vacutainer system and heparin-coated tubes (Becton 
Dickinson and Co., Franklin Lakes, NJ). The concen-
trations of E2 and P4 in follicular fluid were determined 
in aliquots of 1 to 25 μL of fluid, depending on the type 
of hormone and size of the follicle. Follicular fluid was 
analyzed using solid-phase [125I] RIA (Coat-A-Count; 
TKE2 and TKPG respectively; Siemens Medical Solu-
tions Diagnostics, Los Angeles, CA, USA) as described 
previously (Aardema et al., 2013a). Serum samples 
(serum tubes; Becton Dickinson and Co.) for total FFA 
analysis were collected weekly from the day of parturi-
tion until d 42 (FA 115 kit; Randox Laboratories Ltd., 
Crumlin, UK).
Extraction and Isolation of FFA
The serum and follicular fluid samples collected on 
d 7 (serum only), 55, 80, and 105 postcalving were 
selected to isolate and analyze the FFA fraction, as 
described previously (Aardema et al., 2013a). The total 
lipid fraction from 100 μL of blood or follicular fluid 
was extracted according to the method of Bligh and 
Dyer (1959) and evaporated under a constant stream 
of nitrogen gas at 40°C. Deuterated palmitic acid 
[7,7,8,8-2H4] (Cambridge Isotopes Laboratories Inc., 
Cambridge, MA) was added as an internal standard 
to the samples (10 nmol/sample) at the beginning of 
the lipid extraction procedure to allow calculation of 
recovery efficiency and absolute concentrations. Isola-
tion of the FFA fraction was performed as described 
by Kates (1986), but without the heating step and 
maintaining the samples on ice to avoid hydrolysis of 
the FFA. The protocol was as follows: 1 mL of 0.3 M 
NaOH in methanol:water (9:1, vol/vol) was added to 
the evaporated lipid mixture, and the polar phase was 
washed 3 times with 1 mL of hexane to purify the FFA 
fraction in the resulting aqueous methanol phase. This 
was subsequently acidified and the FFA was extracted 
using 3 portions of 1 mL of hexane, evaporated under a 
constant stream of nitrogen gas at 40°C, and stored in 
an atmosphere of 100% nitrogen at −20°C until analy-
sis.
Analysis of FFA by HPLC Mass Spectrometry
Free fatty acids were dissolved in 100 μL of meth
anol:acetonitrile:chloroform:water (46:20:17:17, vol/
vol/vol/vol) and injected onto a Halo C18 (150 × 3.0 
mm; particle size of 2.7 μm) HPLC column (Advanced 
Material Technology Inc., Wilmington, DE). The in-
jection volume was 40 μL and the temperature of the 
column was maintained at 40°C. Lipids were eluted us-
ing a linear gradient, from acetonitrile:methanol:water 
(6:9:5, vol/vol/vol) 2.5 mM ammonium acetate to 
acetone:methanol (4:6, vol/vol) 2.5 mM ammonium 
acetate for 15 min, followed by isocratic elution with 
the latter solvent for 10 min and regeneration of the 
column for 5 min, all at a flow rate of 0.6 mL/min. 
Mass spectrometry of FFA was performed using elec-
trospray ionization (ESI) on a 2000 QTRAP system 
(Applied Biosystems, Nieuwerkerk aan de IJssel, the 
Netherlands). Source temperature was set to 450°C 
and nitrogen was used as curtain gas. The declustering 
potential was set to −40 V. Full scans were performed 
in negative mode in the mass:charge (m/z) range from 
225 to 400 amu. Peaks were identified by comparison of 
retention time and mass spectra with authentic stan-
dards, and calibration curves were generated to correct 
for differences in response factors.
Data Processing
Lipid data were recorded using Analyst software (ver-
sion 1.4.2; MDS Sciex, Concord, ON, Canada) and ex-
ported in mzXML format. Peak detection, integration, 
and alignment were performed using the open-source 
software package XCMS, running under R statistical 
software (Smith et al., 2006). A correlation matrix of 
the combined data sets was calculated in R. Principal 
component discriminant analysis was also performed 
with R using Pareto scaling, in which the value for 
each peak is transformed by subtraction of the mean 
for all samples and division by the square root of the 
standard deviation. In this way, data maintain a dimen-
sion (units), and peaks with a good signal-to-noise ratio 
will gain importance without allowing intense peaks to 
dominate the analysis.
Statistical Analysis
The statistical analysis was performed using R sta-
tistical software (version 3.0.2; R Development Core 
Team, 2013). Longitudinal comparison of the total 
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FFA concentrations and comparison of the individual 
FFA concentrations in blood and follicular fluid across 
the groups were performed using a linear mixed model 
(Pinheiro et al., 2011; R package version 3.1–101 ‘nlme’) 
with days postpartum and group as fixed effects and cow 
as a random effect. For the longitudinal comparison of 
blood and follicular fluid FFA concentrations, a linear 
mixed model (Pinheiro et al., 2011; R package version 
3.1–101 ‘nlme’) was applied with days postpartum and 
blood and follicular fluid as full factorial fixed effects 
and animal as a random effect, so that the correlation 
between observations was accounted for. Statistical 
analysis of the E2 and P4 concentrations, E2:P4 ratio, 
and FFA level in follicular fluid was performed by non-
parametric correlation (Spearman r) using GraphPad 
Prism for Windows (version 5.02; GraphPad Software, 
San Diego, CA; www.graphpad.com). Unless stated 
otherwise, all measures are reported as mean ± stan-
dard deviations; P < 0.05 was considered to indicate a 
statistically significant difference.
RESULTS
Cows with Delayed Ovulation Have Higher Plasma 
Total FFA Concentrations
The total FFA concentrations in the blood plasma of 
10 cows were followed weekly during the first 6 wk post-
partum. In addition, time of ovulation was monitored 
3 times a week by rectal ultrasound detection of follicle 
size and collapse, and by detection of elevated proges-
terone concentrations in the blood. Half of the cows 
had a first postpartum ovulation within 35 d of calving 
(Figure 1A–E) and were grouped as normally ovulating 
cows, whereas the other 5 cows showed a first ovulation 
after 35 d postpartum (Figure 1F–I) and were assigned 
to the delayed ovulation group. Both groups showed 
follicular growth from as early as 14 d postpartum, 
the time of the first postpartum ultrasound examina-
tion, and developed follicles to a size compatible with 
ovulation (Figure 1). However, most of the dominant 
follicles in the delayed ovulation group became atretic 
(Figure 1F–I). Interestingly, 2 out of 5 cows in the 
group with delayed ovulation developed follicles with 
a larger diameter than the follicles ovulated before d 
35 in the normal group (Figure 1). One cow developed 
a luteal cyst (Figure 1F). Cows with a delayed first 
postpartum ovulation had overall significantly higher 
total FFA concentrations in blood during the early 
postpartum period than the cows with a first ovulation 
before d 35 (P < 0.01; Figure 2A). The significant time 
by group effect, is indicated by the light gray (yellow) 
and dark gray (purple) lines in Figure 2A. The rate of 
the concentration decrease (K; for the formula of the 
lines, see Figure 2 caption) was comparable among the 
groups, and the overall higher concentration of FFA in 
the group with a delayed ovulation was due to higher 
starting values of FFA (Figure 2A). We detected no 
significant differences in FFA levels between groups at 
individual time points. The main differences in the FFA 
concentrations among the groups were at d 0, 7, and 
14; for delayed ovulating cows, the mean (±SD) total 
FFA concentration was 988 ± 297, 600 ± 307, and 500 
± 121 μM compared with 732 ± 207, 424 ± 167, and 
280 ± 74 μM for cows that ovulated before d 35 (Figure 
2A). The composition of FFA molecular species in the 
blood at d 7 postpartum was comparable in both groups 
(Figure 2B), indicating that the increase in total FFA 
in the delayed ovulating group was primarily a factor 
of accelerated mobilization of body fat, rather than mo-
bilization of specific FA-containing lipid pools (Figure 
2B). From 21 d postpartum, the FFA concentrations 
in both groups returned to baseline levels (around 250 
μM, Figure 2A).
Normal and Delayed Ovulating Cows Have Similar 
FFA Compositions in Blood and Follicular Fluid
In most commercial breeding programs, dairy cows 
are not inseminated before 55 d postpartum. For this 
reason, we monitored blood FFA levels and composi-
tion in cows with a normal first ovulation and those 
with a delayed first ovulation at 55, 80, and 105 d post-
partum. The average amount of FFA was comparable 
at the different time points (Supplementary Figure S1; 
http://dx.doi.org/10.3168/jds.2014-7970); therefore, 
the average amount of FFA during time is grouped in 
one graph (Figure 3A). The groups did not differ in 
serum FFA concentrations or molecular species compo-
sition at d 55, 80, and 105 postpartum (P = 0.62, P = 
0.54, and P = 0.79). Likewise, the fluid recovered from 
dominant follicles on d 55, 80, and 105 postpartum was 
comparable at the different time points and showed no 
differences in FFA concentrations or molecular species 
composition between normal and delayed first postpar-
tum ovulation cow groups (P = 0.36; P = 0.83, and P 
= 0.21 for, respectively, d 55, 80, and 105 postpartum; 
Figure 3B and Supplementary Figure S2; http://dx.doi.
org/10.3168/jds.2014-7970).
FFA Levels and Molecular Species Composition  
of Blood Differ from that in Follicular Fluid
Interestingly, in both normal and delayed ovulation 
cows, we noted a marked difference in the relative con-
centrations and most prominent FFA molecular species 
(≥5% of total FFA) between blood and follicular fluid 
of FA with a chain length of 18 carbon atoms (Fig-
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Figure 1. Ovarian follicular growth patterns during the early postpartum period (d 14–35): diameter of follicles present on the left (squares) 
and right (circles) ovaries in cows that had their first postpartum ovulation before (A–E) or after d 35 postpartum (F–J). The slight progesterone 
increase (gray line) in panels B and C was followed by 3 subsequent measurements with a progesterone value of ≥2 ng/mL and resulted in an 
estimated time of ovulation before d 35; the cow in panel G had a low value of progesterone at the subsequent measurement after d 35 and was 
defined as delayed ovulating cow. The moment of ovulation was retrospectively defined and based on at least 3 subsequent measurements with a 
progesterone value of ≥2 ng/mL. Day of parturition is t = 0. Per rectum ultrasound was performed thrice weekly on Monday, Wednesday, and 
Friday. Note that the y-axis starts from a diameter of 5 mm. OV = estimated day of ovulation; MV = missing value. Color version available 
online.
Journal of Dairy Science Vol. 98 No. 4, 2015
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Figure 2. Total FFA concentration in blood and follicular fluid of postpartum cows. The total FFA concentrations in blood from d 0, the 
day of parturition, until d 42 (A) and FFA profile at d 7 postpartum (B) are presented for cows with a first ovulation before d 35 postpartum 
[light gray (yellow)] and with a delayed first ovulation postpartum [dark gray (purple)]. The boxes in panel A represent the median (horizontal 
line in the middle of the boxes) and interquartile ranges, the bottom and top of the box indicate the lower and upper quartiles. The whiskers 
include all cases. The data were fitted to a line with the formula [FFA] = base level + [(FFAt = 0) – base level] × exp[K×(tday)] as shown by the 
light gray (yellow) and dark gray (purple) lines in panel A. In panel B, the values are means ± SD. Asterisks indicate a significant difference 
(P < 0.05). Color version available online.
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ure 4) and 16 carbon atoms (Figure 5). Stearic acid 
(C18:0) concentrations in follicular fluid were lower 
than in blood in both normal (P < 0.05; Figure 4A) 
and delayed ovulating cows (P < 0.001; Figure 4B). 
In contrast, significantly higher concentrations of oleic 
acid (C18:1) and palmitoleic acid (C16:1) were detected 
in follicular fluid compared with blood in both normal 
(P < 0.05; Figure 4C and P < 0.001; Figure 5C) and 
delayed ovulating cows (P < 0.05; Figure 4D and P < 
0.001; Figure 5D). We detected a concomitant and sig-
nificant increase in desaturation index for C18 (Figure 
4G,H) and C16 FFA molecular species (Figure 5E,F) in 
follicular fluid compared with the corresponding blood 
samples.
Principal Component Analysis Reveals Distinct FFA 
Composition of Follicular Fluid and Blood
A principal component analysis (PCA) was per-
formed on the FFA composition in corresponding blood 
Figure 3. The FFA composition in blood and follicular fluid of postpartum dairy cows. The average of the absolute concentrations of indi-
vidual FFA at d 55, 80, and 105 is shown for cows with a first ovulation before d 35 [light gray (yellow and green)], and cows with a delayed first 
ovulation postpartum [dark gray (purple and red)] in blood (A) and follicular fluid (B). Values are means ± SD. Color version available online.
Journal of Dairy Science Vol. 98 No. 4, 2015
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Figure 4. Box and whisker plots for the relative amount of C18 FFA in blood and follicular fluid. The relative values of FFA in blood [light 
gray (yellow)] and follicular fluid [gray (green)] of normally ovulating cows (panels A, C, and E) compared with blood [dark gray (purple)] and 
follicular fluid [gray (red)] from cows with a delayed first postpartum ovulation (panels B, D, and F); saturated C18:0 (panels A, B), mono-
unsaturated C18:1 (panels C, D), and polyunsaturated linoleic acid (panels E, F). The desaturation index of C18 FFA (C18:1/C18:1 + C18:0 
× 100) in blood and follicular fluid is shown for early (G) and delayed ovulators (H). The P-values represent an overall significant difference 
between blood and follicular fluid. Color version available online.
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and follicular fluid samples. The PCA revealed distinct 
clustering of blood and follicular fluid samples, which 
further indicated the differences in composition between 
blood and follicular fluid (Figure 6). Interestingly, to-
gether with the previously noted differences in C18 
FFA between follicular fluid and blood, less-abundant 
FFA molecular species such as polyunsaturated C20 
and C24 FFA as well as odd-chain-length (C17) FFA 
were shown to be valuable trace species for predict-
ing differences between follicular fluid and blood. Of 
special interest was the fact that the difference between 
follicular fluid and corresponding blood samples (P = 
0.0014) was time independent and remained unchanged 
over the 55, 80 and 105 d postpartum sampling points 
Figure 5. Box and whisker plots for the relative amount of C16 FFA in blood and follicular fluid. The relative values of FFA in blood [light 
gray (yellow)] and follicular fluid [gray (green)] of normally ovulating cows (panels A and C) compared with blood [dark gray (purple)] and 
follicular fluid [gray (red)] of cows with a delayed first postpartum ovulation (panels B, D); saturated palmitic acid (C16:0, A, B) and mono-
unsaturated C16:1 (panels C, D). The desaturation index of C16 FFA (C16:1/C16:1 + C16:0 × 100) in blood and follicular fluid is shown for 
normal (E) and delayed ovulators (F). The P-values represent an overall significant difference between blood and follicular fluid. Color version 
available online.
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(P < 0.00001, P = 0.027, and P = 0.0029, respectively). 
Again, no differences were found between cows with a 
normal versus a delayed first postpartum ovulation (P 
= 0.44).
A Low E2:P4 Ratio Is Related to FFA Changes  
in the Follicle
The concentrations of E2 and P4 in follicular fluid of 
cows from both groups and among the different time 
points were not different. The concentrations of E2 and 
P4 were (mean ± SD) 2.5 ± 2.2 and 0.86 ± 2.3 μM, 
respectively, for cows with an early ovulation and 1.4 
± 1.2 and 0.4 ± 0.5 μM, respectively, for cows with a 
delayed first postpartum ovulation. The concentration 
of E2 was correlated with the level of FFA in follicular 
fluid (r = −0.67; Figure 7A), whereas no correlation 
was found for P4 concentration and FFA level (r = 
−0.099; Figure 7B). Interestingly, a low E2:P4 ratio in 
follicular fluid of dominant follicles was correlated with 
increased total FFA levels in follicular fluid (Figure 7C). 
The E2:P4 ratio correlated with the total FFA levels in 
follicular fluid (r = −0.64, P < 0.001; Figure 7C) and 
was, respectively, r = −0.55 for saturated FFA (P < 
0.05; Figure 7D), r = −0.63 for monounsaturated FFA 
(P < 0.001; Figure 7E), and r = −0.61 for polyunsatu-
rated FFA (P < 0.001; Figure 7F). The higher level of 
FFA in follicles with a low E2:P4 ratio was in particular 
due to substantially higher levels of monounsaturated 
FFA and polyunsaturated FFA (Figure 7E and F). 
Individual molecular FFA species of the saturated, 
monounsaturated, and polyunsaturated subgroups all 
gave comparable correlations of FFA levels versus E2:P4 
ratio (data not shown). The increased FFA levels in 
follicular fluid were not observed in their corresponding 
blood samples (Figure 7).
Figure 6. Principal component analysis (PCA) of FFA composition in blood and follicular fluid. The PCA revealed consistently distinct FFA 
compositions in blood and follicular fluid, as shown by the different clustering in the score plot of blood and follicular fluid samples from cows 
with an early (E) and delayed (D) first postpartum ovulation. The major contributors to the distinct FFA compositions were saturated C18:0 
and polyunsaturated linoleic acid (C18:2), as they had coordinates with the highest values in the loading plot. Fatty acids with PCA loading 
values outside the 75% quartile range were plotted as black spheres; FA within this range were plotted as small gray spheres. 
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DISCUSSION
This study demonstrates that a significantly higher 
level of FFA in the circulation during the early post-
partum period, and thus a more severe NEB of the cow, 
was related to a delayed first postpartum ovulation 
(>35 d postpartum).
Early resumption of ovarian activity and an early 
first postpartum ovulation have generally been consid-
ered useful indicators to predict fertility of the cow in 
the subsequent period, with ovulation after d 35 being 
associated with reduced fertility in the postpartum pe-
riod (Staples et al., 1990; Gautam et al., 2010; Galvão 
et al., 2010; Crowe et al., 2014). Cows with delayed 
ovulation are less likely to conceive on first AI and 
before 100 d postpartum (Gautam et al., 2010). Cows 
with nonovulatory first-wave follicles experience a lon-
ger interval to the day of the energy balance nadir, 
which was calculated from daily net energy intake and 
loss (Butler and Smith, 1989; Beam and Butler, 1998). 
The 3 potential fates of a presumptive dominant follicle 
are ovulation, atresia (regression), or cyst formation 
(Peter et al., 2009). In the delayed ovulation group, 
most of the dominant follicles became atretic in the 
early postpartum period and a luteal cyst was formed 
in one of the cows. Interestingly, despite time of ovula-
tion, cows in both the normal and delayed ovulation 
groups developed dominant follicles to a preovulatory 
size before d 35 postpartum.
At 2 wk postpartum, cows with high blood levels 
of FFA (>500 μM) showed delayed ovulation, whereas 
cows in which the levels decreased within the first week 
postpartum to <500 μM had a first postpartum ovula-
tion before d 35. The levels of FFA in blood reported 
here are in line with earlier studies of postpartum dairy 
cows (Rukkwamsuk et al., 1998; Leroy et al., 2005). 
Previous in vitro data reported that levels of saturated 
FFA, comparable to the levels in d-7 blood samples in 
this study, induced apoptosis in theca and granulosa 
cells and resulted in reduced cell numbers (Mu et al., 
2001; Vanholder et al., 2005, 2006). Elevated FFA levels 
during NEB in the early postpartum period may thus 
hamper granulosa and theca cells of early-stage follicles 
and result in subsequent malfunctioning of the follicle 
and potentially the blood–follicle barrier and unfavor-
able conditions for the oocyte.
The preferred time of insemination in dairy cows is 
optimally around 55 d postpartum to ensure the de-
sired intercalving interval of 12 to 13 mo (Stevenson, 
2007). At this longer time interval postpartum (from 
d 35 onward), the blood FFA levels in both groups of 
cows normalized to 250 μM. However, follicles that gain 
dominance around the preferred insemination time will 
have experienced NEB during the early stages of follic-
ular development, as the process of follicular growth is 
estimated to take around 60 to 80 d in cows (Spicer and 
Echternkamp, 1986; Britt, 1992). In relation to this, it 
has been hypothesized (Spicer and Echternkamp, 1986; 
Britt, 1992) that oocytes from dominant follicles ex-
posed to NEB during early development suffer from im-
paired developmental competence, a phenomenon that 
could explain the relation between more severe NEB 
and reduced fertility. In this study, we tested whether 
differences in FFA stress imposed in the first weeks 
postpartum had effects on FFA composition and abun-
dance in the dominant follicle fluids of the 2 cow groups 
with normal and delayed ovulation. An effect of NEB 
on the FFA composition in follicular fluid near the time 
of insemination could be expected to have broad conse-
quences for the quality of the oocyte. Indeed, previous 
in vitro experiments demonstrated a detrimental effect 
of elevated levels of, in particular, saturated FFA on 
the developmental competence of the oocyte (Leroy et 
al., 2005; Aardema et al., 2011; Wu et al., 2012). How-
ever, FFA levels found in follicular fluid of both cow 
groups were recovered and did not exceed post-NEB 
blood FFA levels at the preferred insemination time.
Marked differences in FFA molecular species compo-
sitions between blood and corresponding follicular fluid 
samples were evident in both groups of cows, indepen-
dent of sampling time postpartum. The distinct FFA 
molecular species composition of blood and follicular 
fluid indicates that the blood–follicle barrier was func-
tional for all dominant follicles observed. Thus, NEB 
appears to have no effect on FFA levels in follicular 
fluid of dominant follicles at a subsequent time dur-
ing the preferred insemination period. We note here 
that this study did not investigate the effect of elevated 
FFA on the oocytes in early-stage follicles that are ex-
posed to NEB and assume dominance in the preferred 
time-window for insemination. Future research should 
investigate the effect of the early postpartum elevation 
in FFA concentrations on the oocytes present in early-
stage preantral follicles.
The different FFA composition of blood and follicular 
fluid may have derived from selective transport of FFA 
through the blood–follicle barrier, subsequent intrafol-
licular metabolism, or storage in the cells that line the 
follicle. For instance, theca and granulosa cells may, by 
means of the enzyme stearoyl-CoA-desaturase, convert 
saturated FFA into monounsaturated FFA by dehydro-
genation at the Δ9 carbon chain position of C18 and 
C16 fatty acids. Indeed, stearoyl-CoA-desaturase has 
been identified in granulosa and cumulus cells of the rat 
(Moreau et al., 2006) and may have contributed to the 
distinct composition of FFA in follicular fluid compared 
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Figure 7. Concentrations of estradiol (E2) and progesterone (P4), E2:P4 ratio, and FFA level in fluid of dominant follicles. The E2 and P4 concentrations and their correlation 
with total FFA levels in follicular fluid (circles) are presented in panels A and B, respectively. The correlations of E2:P4 ratio with total, saturated, monounsaturated, and polyun-
saturated FFA levels in fluid of dominant follicles is presented in panels C, D, E, and F, respectively. To compare FFA levels in follicular fluid with levels in blood, corresponding 
blood samples are represented by squares. The r-values and P-values refer to the correlation between the E2:P4 ratio and FFA levels in follicular fluid. Note the different x-axis scale 
in panels A to C. The concentrations of E2 and P4 and the ratio of E2:P4 were low in some samples, but never equal to zero.
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with blood. Further research in the high-yielding dairy 
cow during the period of insemination is needed to in-
vestigate the origin of the distinct FFA composition in 
the follicular fluid compared with blood.
The steroid composition of dominant follicle fluid 
from the normal and delayed first ovulating postpartum 
cow groups was not different. However, the amounts of 
E2 and P4 varied considerably between follicles. Before 
induction of the LH peak, the E2 level in follicular fluid 
is a measure of follicle activity, in which a high level 
of E2 indicates a healthy follicle (Ginther et al., 1997; 
Austin et al., 2001). Upon LH activation, the level of 
P4 in the periovulatory follicle increases at the expense 
of E2, resulting in a low E2:P4 ratio (Dieleman et al., 
1983). Competent oocytes, which are able to develop 
into blastocysts after fertilization, originate from peri-
ovulatory follicles with levels of E2 ≤0.25 μM and P4 
≥0.26 μM (Aardema et al., 2013b). In the non-peri-
ovulatory stage, a low E2:P4 ratio indicates an aberrant 
inactive dominant follicle (Ireland and Roche, 1982). 
A lower E2:P4 ratio in follicular fluid correlated with 
higher FFA levels. The FFA level was approximately 
2.5 times higher when the E2:P4 ratio in follicular fluid 
was <1 compared with an E2:P4 ratio >2. The higher 
FFA level in follicular fluid with low E2:P4 can be ex-
plained by the more pronounced accumulation of all 
FFA fractions and, in particular, the unsaturated FFA. 
The differential degree of FFA accumulation in the 
dominant follicle with low E2:P4 ratio is not explained 
by the degree of NEB or by the timing of the first 
postpartum ovulation. Furthermore, the low E2:P4 ratio 
was not related to follicular wall deterioration because 
the levels were 2 to 4 times higher than those observed 
in blood, indicating that the blood–follicle barrier was 
intact and that the relatively high FFA levels in fol-
licles with a low E2:P4 ratio, compared with follicles 
with a higher E2:P4 ratio, were not due to damage of 
the blood–follicle barrier. Previously, elevated levels in 
follicular fluid during an experimentally induced NEB 
were associated with a reduced concentration of E2 in 
dominant follicles and elevated FFA levels (Jorritsma 
et al., 2003). Another study demonstrated reduced cell 
proliferation and increased apoptosis in granulosa cells 
after in vitro exposure to elevated FFA levels, together 
with increased E2 concentrations (Vanholder et al., 
2005). The findings of Vanholder et al. (2005) indicate 
a negative effect of elevated FFA levels on the survival 
of granulosa cells, but the effect on the E2 production 
is more complex. Apart from elevated FFA levels, other 
factors may affect the survival and E2 production of 
granulosa cells. For example, the commonly reduced 
levels of IGF-1 during NEB appear to be negatively 
associated with follicular growth and E2 concentration 
(Beam and Butler, 1998; Wathes et al., 2007). Elevated 
FFA levels in combination with a low E2:P4 ratio in the 
dominant follicles may be due to a distinct FFA me-
tabolism in this type of follicle. Future research should 
establish whether elevated FFA levels could be used 
as a predictive marker for the quality of the dominant 
follicle.
CONCLUSIONS
An overall elevation in circulating FFA concentra-
tions during the early postpartum period is associated 
with delayed ovulation. However, the FFA composition 
of the follicular fluid of dominant follicles and in the 
blood at d 55, 80, and 105 postpartum appears to be 
similar in cows with delayed ovulation and in those 
that ovulate before d 35. The marked differences in the 
FFA composition of follicular fluid and blood indicate 
that these follicles had functional blood–follicle barri-
ers and suggest the potential of follicles to selectively 
take up, accumulate, or metabolize desired fatty acids. 
We found no indications for a reflection of the elevated 
FFA levels early postpartum in the follicular fluid of 
dominant follicles during the preferred period of insem-
ination that could explain the apparent link between 
NEB and reduced fertility due to potential harm by 
FFA to the oocyte. Interestingly, regardless of normal 
and delayed first ovulation and time postpartum, the 
E2:P4 ratio in follicular fluid correlated with FFA levels, 
with a low E2:P4 ratio being associated with a high 
FFA level. The relevance of this observation needs to 
be further investigated because it is a potential detec-
tion method for aberrant follicles.
ACKNOWLEDGMENTS
The authors acknowledge J. W. A. Jansen from the 
Department of Biochemistry and Cell Biology (Utrecht 
University, Utrecht, the Netherlands) for his assistance 
with the FFA extractions and HPLC-mass spectrom-
etry, and C. H. Y. Oei from the Department of Farm 
Animal Health (Utrecht University) for performing the 
hormone assays. The assistance of R. Fokkinga and S. 
Maas and the animal care technicians in the Depart-
ment of Farm Animal Health’s clinic was highly appre-
ciated. This study was financially supported by Pfizer 
Animal Health (New York, NY).
REFERENCES
Aardema, H., F. Lolicato, C. H. van de Lest, J. F. Brouwers, A. B. 
Vaandrager, H. T. van Tol, B. A. Roelen, P. L. Vos, J. B. Helms, 
and B. M. Gadella. 2013a. Bovine cumulus cells protect maturing 
oocytes from increased fatty acid levels by massive intracellular 
lipid storage.  Biol. Reprod.  88:164.
Journal of Dairy Science Vol. 98 No. 4, 2015
2335
Aardema, H., B. A. Roelen, H. T. van Tol, C. H. Oei, B. M. Gadella, 
and P. L. Vos. 2013b. Follicular 17beta-estradiol and progesterone 
concentrations and degree of cumulus cell expansion as predictors 
of in vivo-matured oocyte developmental competence in superstim-
ulated heifers.  Theriogenology  80:576–583.
Aardema, H., P. L. Vos, F. Lolicato, B. A. Roelen, H. M. Knijn, A. B. 
Vaandrager, J. B. Helms, and B. M. Gadella. 2011. Oleic acid pre-
vents detrimental effects of saturated fatty acids on bovine oocyte 
developmental competence.  Biol. Reprod.  85:62–69.
Austin, E. J., M. Mihm, A. C. Evans, P. G. Knight, J. L. Ireland, J. 
J. Ireland, and J. F. Roche. 2001. Alterations in intrafollicular 
regulatory factors and apoptosis during selection of follicles in the 
first follicular wave of the bovine estrous cycle.  Biol. Reprod. 
64:839–848.
Beam, S. W., and W. R. Butler. 1998. Energy balance, metabolic hor-
mones, and early postpartum follicular development in dairy cows 
fed prilled lipid.  J. Dairy Sci.  81:121–131.
Bligh, E. G., and W. J. Dyer. 1959. A rapid method of total lipid ex-
traction and purification.  Can. J. Biochem. Physiol.  37:911–917.
Britt, J. H. 1992. Impacts of early postpartum metabolism on follicular 
development and fertility.  Bov. Pract.  24:39–43.
Butler, W. R. 2003. Energy balance relationships with follicular devel-
opment, ovulation and fertility in postpartum dairy cows.  Livest. 
Prod. Sci.  83:211–218.
Butler, W. R., and R. D. Smith. 1989. Interrelationships between en-
ergy balance and postpartum reproductive function in dairy cattle. 
J. Dairy Sci.  72:767–783.
Cnop, M., J. C. Hannaert, A. Hoorens, D. L. Eizirik, and D. G. Pipel-
eers. 2001. Inverse relationship between cytotoxicity of free fatty 
acids in pancreatic islet cells and cellular triglyceride accumula-
tion.  Diabetes  50:1771–1777.
Coll, T., E. Eyre, R. Rodriguez-Calvo, X. Palomer, R. M. Sanchez, 
M. Merlos, J. C. Laguna, and M. Vazquez-Carrera. 2008. Oleate 
reverses palmitate-induced insulin resistance and inflammation in 
skeletal muscle cells.  J. Biol. Chem.  283:11107–11116.
Contreras, G. A., and L. M. Sordillo. 2011. Lipid mobilization and 
inflammatory responses during the transition period of dairy cows. 
Comp. Immunol. Microbiol. Infect. Dis.  34:281–289.
Crowe, M. A., M. G. Diskin, and E. J. Williams. 2014. Parturition to 
resumption of ovarian cyclicity: Comparative aspects of beef and 
dairy cows.  Animal  8(Suppl. 1):40–53.
Dieleman, S. J., M. M. Bevers, J. Poortman, and H. T. van Tol. 1983. 
Steroid and pituitary hormone concentrations in the fluid of pre-
ovulatory bovine follicles relative to the peak of LH in the periph-
eral blood.  J. Reprod. Fertil.  69:641–649.
Diskin, M. G., J. J. Murphy, and J. M. Sreenan. 2006. Embryo survival 
in dairy cows managed under pastoral conditions.  Anim. Reprod. 
Sci.  96:297–311.
Fair, T., S. C. Hulshof, P. Hyttel, T. Greve, and M. Boland. 1997. Oo-
cyte ultrastructure in bovine primordial to early tertiary follicles. 
Anat. Embryol. (Berl.)  195:327–336.
Galvão, K. N., M. Frajblat, W. R. Butler, S. B. Brittin, C. L. Guard, 
and R. O. Gilbert. 2010. Effect of early postpartum ovulation on 
fertility in dairy cows.  Reprod. Domest. Anim.  45:e207–e211.
Gautam, G., T. Nakao, K. Yamada, and C. Yoshida. 2010. Defining 
delayed resumption of ovarian activity postpartum and its impact 
on subsequent reproductive performance in holstein cows.  Therio-
genology  73:180–189.
Ginther, O. J., K. Kot, L. J. Kulick, and M. C. Wiltbank. 1997. Emer-
gence and deviation of follicles during the development of follicular 
waves in cattle.  Theriogenology  48:75–87.
Henique, C., A. Mansouri, G. Fumey, V. Lenoir, J. Girard, F. Bouil-
laud, C. Prip-Buus, and I. Cohen. 2010. Increased mitochondrial 
fatty acid oxidation is sufficient to protect skeletal muscle cells 
from palmitate-induced apoptosis.  J. Biol. Chem.  285:36818–
36827.
Ireland, J. J., and J. F. Roche. 1982. Development of antral follicles 
in cattle after prostaglandin-induced luteolysis: Changes in serum 
hormones, steroids in follicular fluid, and gonadotropin receptors. 
Endocrinology  111:2077–2086.
Jorritsma, R., M. W. de Groot, P. L. Vos, T. A. Kruip, T. Wensing, 
and J. P. Noordhuizen. 2003. Acute fasting in heifers as a model 
for assessing the relationship between plasma and follicular fluid 
NEFA concentrations.  Theriogenology  60:151–161.
Kates, M. 1986. Techniques of lipidology: Isolation, analysis and iden-
tification of lipids. Pages 125 in Laboratory Techniques in Bio-
chemistry and Molecular Biology. 2nd ed. R. H. Burdon and P. 
H. Van Knippenberg, ed. Elsevier, Amsterdam, the Netherlands.
Kawashima, C., M. Matsui, T. Shimizu, K. Kida, and A. Miyamoto. 
2012. Nutritional factors that regulate ovulation of the dominant 
follicle during the first follicular wave postpartum in high-produc-
ing dairy cows.  J. Reprod. Dev.  58:10–16.
Leroy, J. L., T. Vanholder, B. Mateusen, A. Christophe, G. Opsomer, 
A. de Kruif, G. Genicot, and A. Van Soom. 2005. Non-esterified 
fatty acids in follicular fluid of dairy cows and their effect on 
developmental capacity of bovine oocytes in vitro.  Reproduction 
130:485–495.
Listenberger, L. L., X. Han, S. E. Lewis, S. Cases, R. V. Farese Jr., 
D. S. Ory, and J. E. Schaffer. 2003. Triglyceride accumulation 
protects against fatty acid-induced lipotoxicity.  Proc. Natl. Acad. 
Sci. USA  100:3077–3082.
Listenberger, L. L., D. S. Ory, and J. E. Schaffer. 2001. Palmitate-in-
duced apoptosis can occur through a ceramide-independent path-
way.  J. Biol. Chem.  276:14890–14895.
Maedler, K., G. A. Spinas, D. Dyntar, W. Moritz, N. Kaiser, and 
M. Y. Donath. 2001. Distinct effects of saturated and monoun-
saturated fatty acids on beta-cell turnover and function.  Diabetes 
50:69–76.
Mishra, R., and M. S. Simonson. 2005. Saturated free fatty acids and 
apoptosis in microvascular mesangial cells: Palmitate activates 
pro-apoptotic signaling involving caspase 9 and mitochondrial re-
lease of endonuclease G.  Cardiovasc. Diabetol.  4:2.
Moreau, C., P. Froment, L. Tosca, V. Moreau, and J. Dupont. 2006. 
Expression and regulation of the SCD2 desaturase in the rat ovary. 
Biol. Reprod.  74:75–87.
Mu, Y. M., T. Yanase, Y. Nishi, A. Tanaka, M. Saito, C. H. Jin, C. 
Mukasa, T. Okabe, M. Nomura, K. Goto, and H. Nawata. 2001. 
Saturated FFAs, palmitic acid and stearic acid, induce apoptosis in 
human granulosa cells.  Endocrinology  142:3590–3597.
Peter, A. T., P. L. Vos, and D. J. Ambrose. 2009. Postpartum anestrus 
in dairy cattle.  Theriogenology  71:1333–1342.
Pieterse, M. C., P. L. Vos, T. A. Kruip, Y. A. Wurth, T. H. van 
Beneden, A. H. Willemse, and M. A. Taverne. 1991. Transvaginal 
ultrasound guided follicular aspiration of bovine oocytes.  Therio-
genology  35:857–862.
Pinheiro, J., D. Bates, S. DebRoy, D. Sarkar and the R Development 
Core Team. 2011. Linear and nonlinear mixed effects models. R 
package version 3.1–101. R Development Core Team, Vienna, Aus-
tria.
R Core Team. 2013. R: A language and environment for statistical 
computing. R Foundation for Statistical Computing, Vienna, Aus-
tria. http://www.R-project.org/.
Rukkwamsuk, T., T. Wensing, and M. J. Geelen. 1998. Effect of over-
feeding during the dry period on regulation of adipose tissue me-
tabolism in dairy cows during the periparturient period.  J. Dairy 
Sci.  81:2904–2911.
Sartori, R., R. Sartor-Bergfelt, S. A. Mertens, J. N. Guenther, J. J. 
Parrish, and M. C. Wiltbank. 2002. Fertilization and early em-
bryonic development in heifers and lactating cows in summer and 
lactating and dry cows in winter.  J. Dairy Sci.  85:2803–2812.
Smith, C. A., E. J. Want, G. O’Maille, R. Abagyan, and G. Siuzdak. 
2006. XCMS: Processing mass spectrometry data for metabolite 
profiling using nonlinear peak alignment, matching, and identifica-
tion.  Anal. Chem.  78:779–787.
Spicer, L. J., and S. E. Echternkamp. 1986. Ovarian follicular growth, 
function and turnover in cattle: A review.  J. Anim. Sci.  62:428–
451.
Staples, C. R., W. W. Thatcher, and J. H. Clark. 1990. Relation-
ship between ovarian activity and energy status during the early 
postpartum period of high producing dairy cows.  J. Dairy Sci. 
73:938–947.
2336 AARDEMA ET AL.
Journal of Dairy Science Vol. 98 No. 4, 2015
Stevenson, J. S. 2007. Clinical reproductive physiology of the cow. 
Page 286 in Current Therapy in Large Animal Theriogenology. 
2nd ed. R. S. Youngquist and W. R. Threlfall, ed. Elsevier, Phila-
delphia, PA.
van Knegsel, A. T., H. van den Brand, J. Dijkstra, S. Tamminga, and 
B. Kemp. 2005. Effect of dietary energy source on energy balance, 
production, metabolic disorders and reproduction in lactating 
dairy cattle.  Reprod. Nutr. Dev.  45:665–688.
Vanholder, T., J. L. Leroy, A. V. Soom, G. Opsomer, D. Maes, M. 
Coryn, and A. de Kruif. 2005. Effect of non-esterified fatty acids 
on bovine granulosa cell steroidogenesis and proliferation in vitro. 
Anim. Reprod. Sci.  87:33–44.
Vanholder, T., J. L. M. R. Leroy, A. Van Soom, D. Maes, M. Coryn, T. 
Fiers, A. de Kruif, and G. Opsomer. 2006. Effect of non-esterified 
fatty acids on bovine theca cell steroidogenesis and proliferation in 
vitro.  Anim. Reprod. Sci.  92:51–63.
Walters, A. H., T. L. Bailey, R. E. Pearson, and F. C. Gwazdauskas. 
2002. Parity-related changes in bovine follicle and oocyte popula-
tions, oocyte quality, and hormones to 90 days postpartum.  J. 
Dairy Sci.  85:824–832.
Wathes, D. C., M. Fenwick, Z. Cheng, N. Bourne, S. Llewellyn, D. G. 
Morris, D. Kenny, J. Murphy, and R. Fitzpatrick. 2007. Influence 
of negative energy balance on cyclicity and fertility in the high 
producing dairy cow.  Theriogenology  68(Suppl. 1):S232–S241.
Wu, L. L., D. L. Russell, R. J. Norman, and R. L. Robker. 2012. 
Endoplasmic reticulum (ER) stress in cumulus-oocyte complexes 
impairs pentraxin-3 secretion, mitochondrial membrane potential 
(ΔΨm), and embryo development.  Mol. Endocrinol.  26:562–573.
